The absorption of hard spheres into narrow pores is examined in the framework of RosenfeldÏs "" fundamental measure ÏÏ formulation of density functional theory (DFT) for inhomogeneous Ñuids. The inÑuence of the dimensionality of the conÐning geometry is assessed by considering the cases of a spherical cavity, an inÐnite cylindrical channel and an inÐnite slit. The pores are assumed to be in chemical equilibrium with a reservoir which Ðxes the chemical potentials of the various species. The hard sphere mixture is considered as a highly simpliÐed model of aqueous solutions, involving a majority component (solvent) and solutes competing for absorption into the pores. It is shown that excluded volume e †ects alone can lead to very strong selectivities of the pores, for certain ratios of the solute and solvent to pore diameters. The selectivity is strongest for spherical cavities, and is least pronounced in the slit geometry. More complex geometries, including pore edge e †ects, with dimensions typical of simple ion channels through membranes, are also examined within the same DFT framework. The DFT predictions for the density proÐles inside the pores, and the resulting absorbances and selectivities, are tested by grand-canonical Monte Carlo (GCMC) simulations, and good agreement is found.
I. Introduction
Geometric conÐnement leads to very signiÐcant changes in the molecular structure and thermodynamic behaviour of Ñuids in microporous materials, compared to their bulk properties, when the smallest length scale of the conÐning pore becomes comparable to molecular size.1 Microporous materials that have been widely studied, both experimentally and theoretically, include porous glasses, zeolites, nanotubes, or ion channels through membranes, and examples of speciÐc phenomena linked to conÐnement and to the interaction between the pores and Ñuid molecules are capillary condensation or the ion selectivity of protein channels. A key quantity which characterizes a Ñuid/pore system is the absorbance of the various chemical species, i.e. the ratio of the number density of a species inside a given pore over its bulk value, for a given chemical potential. The relative absorbance of two species deÐnes the selectivity of the pore.2 In the case of ion channels through membrane proteins, the selectivity between cation pairs, like Na`and K`, can be extremely large, with crucial physiological consequences. This selectivity is believed to result from a delicate balance of Coulombic interactions between ions, solvent and protein residues, of steric, excluded volume e †ects, and of hydration.3,4 Similarly, zeolites are known to act as molecular sieves,5,6 and detailed simulations of Ñuid mixtures in model zeolites point to a signiÐcant selectivity of small molecules.7,8 Similar selectivity has been reported for methaneÈethane mixtures in carbon slits ;2,25 in that particular case the molecular sizes di †er only by a few percent, and the slit selectivity is dominated by intermolecular and wallÈmolecule attractions, which di †er signiÐcantly between the two species.
In this paper we focus on models of binary and ternary hard sphere mixtures in highly simpliÐed geometrical pores, in an attempt to pinpoint generic behaviour resulting from purely entropic, excluded volume e †ects. Three pore geome-¤ Electronic Supplementary Information available. See http : // www.rsc.org/suppdata/cp/b0/b009434j/ tries will be considered, namely spherical cavities, inÐnite cylindrical channels, and inÐnite slits, corresponding to situations of quasi-zero, (1d) one and two-dimensional (1d and 2d) conÐnement of three-dimensional (3d) spheres. The emphasis will be on the cylindrical geometry, since the ultimate objective of the investigation is to gain insight into the selectivity of ion channels. Most of the earlier theoretical and simulation work dealt with one-component hard sphere Ñuids in slits,10,11 cylindrical pores10,12 and spherical cavities,13 using Ñuid integral equations, density functional theory, and grandcanonical Monte Carlo (GCMC) or related simulation techniques. Although some recent DFT work was devoted to polydisperse systems of hard discs in a circular cavity,14 we are not aware of any systematic previous study of neutral hard sphere mixtures in conÐned geometries. Recently, Nonner et al. have reported a study of a model ion channel to assess the role of charge vs. size in determining the selectivity, within the mean spherical approximation, using the primitive model of the solvent. 15 Their study concludes that size and charge play comparable roles in the selectivity.
In this paper we are particularly concerned with the dependence of absorption and selectivity on the relative sizes of the various species in the hard sphere mixture and of the pore, i.e. the diameter D of the cavity or of the cylinder, and the width D of the slit. Using DFT and GCMC simulations, we are able to show that extremely large selectivities can be achieved for well deÐned size ratios. The theoretical tools will be summarized in Section 2 ; the three basic conÐning geometries of spherical cavities, inÐnite cylinders and slits will be successively examined in Sections 3È5. The inÑuence of dimensionality on selectivity will be discussed in Section 6, while examples of more complex geometries will be considered in section 7. Some concluding remarks are made in Section 8. A preliminary version of parts of the present work was reported elsewhere. 16 
II. Density functional theory and simulations
The hard sphere (HS) mixtures under consideration involve l components, with diameters These mixtures are
conÐned to a spherical cavity of diameter D (0d), or to an inÐnite cylindrical channel of diameter D (1d), or to an inÐnite slit of width D (2d). As illustrated schematically in Fig. 1 , the 1d and 2d pores open up into bulk reservoirs at inÐnity, and the particles inside the pore and in the reservoir are assumed to be in chemical equilibrium, i.e. the chemical potentials of k a the various species in the pores are Ðxed by their bulk values in the reservoir. In the bulk, the reduced chemical potentials (where T is the temperature and is Boltk a * \ k a /k B T k B zmannÏs constant) depend only on the bulk densities of all n a the species, i.e. on the partial packing fractions g a \ pn a p a 3/6 ; equivalently the may be regarded as functions of the total k a * packing fraction and of the concentrations (or mole
where is the total number x a \ n a /n, n \ & a n a density of HS. Accurate expressions of in terms of these k a variables are known for bulk HS mixtures, from scaled particle theory, from Percus Yevick (PY) theory,17 or from the semi-empirical equation of state proposed by Mansoori et al.18 Chemical equilibrium between particles conÐned to a closed spherical cavity and particles in a bulk reservoir can obviously not be achieved experimentally, but can easily be simulated in GCMC computations. 18 All results reported in this paper, for all three geometries, are for the grand-canonical ensemble, with Ðxed values of the l chemical potentials In k a . the 0d case of a spherical cavity, these results will di †er from those of canonical ensemble calculations, since the total number of particles in the cavity is Ðnite.13 In the case of inÐnite 1d channels or 2d slits, the results are independent of the statistical ensemble, since a proper thermodynamic limit can be taken.
Whilst the number density of each species is constant throughout the homogeneous bulk reservoir, it turns into a position-dependent local density, or density proÐle, o a (r) within the pores. Due to the high symmetry of the three model pores under consideration, the proÐles depend only on a single scalar variable, namely the radial distance r from the centre of the cavity, or from the axis of the inÐnite cylinder, and the orthogonal distance o z o from the xÈy midplane in the case of an inÐnite slit. The average density of species a within a pore of total volume is :
where the integration extends over the total domain con-Õ Ðned by the surface of the pore. The absorption of species a inside the pore is characterized by the absorbance
where is the bulk number density for the same value of the n a chemical potential
The thermodynamic selectivity of k a . species a over species b is deÐned as : 2
With this deÐnition, species a is said to be selected preferentially over species b if f ab [ 1. The absorbances (2) characterize the absorption of the various species into the volume of the pore, while the V t adsorption of particles of species a is characterized by the dimensionless adsorbance (a surface excess property) :
where is the total inner area of the conÐning pore surface. S t The dimensionless adsorbance is related to the absorbance c a by :
where is the reduced bulk density. In view of the n a * \ n a p a 3 simple relation (5), the distinction between absorption into the pore volume or adsorption to the pore surface is seen to be largely semantic, in particular, absorption is sometimes also referred to as multilayer adsorption. The above deÐnitions are clear-cut for hard core particles conÐned by sharp geometrical surfaces of well-deÐned area and volume In the case of S t V t . "" soft ÏÏ wallÈparticle interactions, some convention must be adopted for the precise location of the pore surface. Although most of the literature refers to adsorption into pores, we prefer the terms of absorption and absorbance, the surface adsorbance being easily derived from the calculated absorbance via eqn. (5) for the various geometries considered in this paper.
Before describing the theoretical and numerical procedures used to determine the density proÐles and the resulting o a (r), absorbances and selectivities, it is worth pointing out that the absorbances deÐned in eqn. (2) satisfy the following inequalf a ity, the proof of which is given in Appendix A :
In eqn. (6) , is the volume of the pore accessible to the V av (a) \ V t centre of spheres of diameter within the total volume of p a V t the pore, while is the excess (non-ideal) part of the chemik a ex cal potential of that species. This upper bound can easily exceed one, particularly at higher densities, since for HS is k a ex always positive, and increases with density. In fact, the bound refers to an ideal gas accommodated in the accessible volume in the pore and provides an accurate approximation for in f a the limit of low i.e. of low bulk density, when few spheres k a ex, are absorbed into the pore, so that their positions inside the pore are mostly uncorrelated. The approximation is also expected to be accurate for the minority species, even when the total packing fraction in the bulk is high, provided the majority component (or "" solvent ÏÏ) has a sufficiently large diameter to be prevented from entering the pore (i.e. p a [ D). For a given pore geometry, the equilibrium density proÐles may be calculated from the coupled EulerÈLagrange o a (r) equations associated with the minimization conditions of the grand potential X,19 i.e. from :
where is a set of trial density proÐles. The grand potenMo8 j (r)N tial functional is the sum of the intrinsic free energy functional F, and of the contribution from external potentials acting t a (r) on the particles of species a :
In the case of the simple pore geometries considered in this paper, the conÐning potentials are discontinuous, being inÐn-ite whenever the centre of a hard sphere of species a comes within a distance of the pore surface, and zero otherwise. p a /2 It is more convenient to leave out these conÐning potentials in eqn. (8) , and replace them by the constraints,
where s is any point on the conÐning surface. These constraints take on a particularly simple form in the high symmetry geometries considered in this paper, namely :
for a spherical cavity, or an inÐnite cylinder of diameter D, and
for the slit geometry. The intrinsic free energy functional F is, as usual, split into its ideal and excess (or correlational) parts :
with
For we adopt RosenfeldÏs "" fundamental measure ÏÏ theory F ex (FMT),20,21 and all our calculations are based on the socalled q \ 3 version of FMT, in the nomenclature of ref. 22 , as summarized in Appendix B. Since we consider hard sphere mixtures in highly conÐned geometries, it is essential that the version of the FMT functional in use includes the appropriate dimensional cross-over properties. 22 On the basis of many comparisons of the predictions of this functional with computer simulation data, it is believed to be the most accurate presently available for inhomogeneous HS systems.
Substituting eqn. (8), (12) and (13) into the variational principle (7), we arrive at the following implicit expressions for the local densities :
where is the excess (non-ideal) part of the chemical potenk a ex tial of species a, while :
is the one-particle direct correlation function of species a in the conÐned Ñuid. 17, 19 Note that plays the role of a [k B
T c a (1) local excess chemical potential far from the conÐning k a ex(r) ; surface, in the reservoir, where the Ñuid becomes homogeneous, reduces to the (bulk) excess chemical poten-
The FMT expression for is given in Appendix B. k a ex. c a (1) The expression (14) holds for any r inside the available volume and is supplemented by the constraints (9). V av (a), If the FMT expressions ((B6)È(B8)) for the one-particle direct correlation functions are substituted into eqn. (14), c a (1) one obtains a set of highly non-linear and non-local equations for the unknown density proÐles, which must be solved iteratively, for any given set of chemical potentials subject to Mk a N, the boundary conditions (10) or (11) . This is achieved on a Ðne 1d grid, using a Picard iterative procedure,23 which must be repeated for each composition of the bulk mixture, i.e. for each set of chemical potentials Typical results for density Mk a N. proÐles in the three geometries will be presented in Sections 3È5.
The main objective of the present studies is to assess the sensitivity of selectivity to the relative sizes of the particles and the pores. In view of the large number of independent composition and size parameters, we have restricted this investigation to the physically and biologically important case of dilute solutions, involving the solvent as the majority species (species 1) and one or two minority species or solutes (species 2 and 3).
We shall, in particular, consider the inÐnite dilution limit and of the latter species. The simpliÐcations intro-(n 2 n 3 ] 0) duced by this limit will allow us to explore the selectivity over a wide range of size ratios. In the inÐnite dilution limit of solute species a (corresponding to the density
of the solvent inside the pore is independent of the o 1 (r) solute, and may be calculated once and for all, for a given bulk packing fraction
The ratio for the inÐnitely g 1 . o a (r)/n a dilute solute follows from the appropriate limit of eqn. (14) : 24
Note that in the inÐnite dilution limit Ðnite, (n 1 n a ] 0), k a ex stays Ðnite (only while it is easily seen from eqn.
depends only on the equilibrium lim ka?~= c a (1)(r) density proÐle of the solvent and on the diameter of o 1 (r) p a the solute. This allows a straightforward calculation of the inÐnite dilution absorbance of the solute, as a function of its diameter once the density proÐle of the pure solvent has p a , been calculated for a given solvent chemical potential The k 1 . inÐnite dilution expression of the absorbance follows from f a eqn. (1), (2) and (16) :
where the integration is over the available domain of the Õ a pore, i.e. that region of which is accessible to the centre of a Õ solute sphere.
Since the accuracy of the FMT functional has not previously been tested for highly conÐned HS mixtures, we have carried out a number of GCMC simulations25 for comparison with the predictions of DFT. These simulations are rather challenging for the narrowest pores, since extensive statistics is needed to secure meaningful data. In view of the relatively small total number of particles inside 0d and 1d pores, the GCMC method can only handle mixtures where the minority components (or solutes) are taken at signiÐcant concentrations (or partial packing fractions), so that their number within the simulated sample (which contains typically a total number of N D 103 spheres) is not too small. Keeping this in mind, we could compare DFT and GCMC results at concentration of the minority species of 1 M, so that an average number of D10 solute particles are present in the simulation cell. In order to achieve optimal ergodic properties of the minority species in the pores, the Monte Carlo moves consisted of standard particle displacements, deletion/insertion of particles and swapping the identities between particles of different species.9 Because of the signiÐcant size ratio between solvent and solute particles, and due to the high packing fraction of the majority component, the swap of identity between solvent and solute particles has a very low acceptance probability while swaps between solute identities are more easily achieved. Therefore sampling of the dilute species can be only partially enhanced and large error bars result in the solute density proÐles and selectivities for the most strongly conÐned situations.
Further details, speciÐc to the various geometries, will be given in the subsequent sections.
The results presented in the remainder of the paper will focus on ternary HS mixtures with diameters (majority p 1 component or "" solvent ÏÏ), and appropriate for water p 2 p 3 nm), Na`nm) and K`nm)
This choice is inspired by the physiologically crucial problem of selectivity of ion channels through membranes.3,4,16 The second situation to be examined in detail is that of inÐnite dilution of the solutes. The simpliÐcation of DFT theory in this limit, alluded to earlier, will allow us to explore a wide range of solute diameters, given the density proÐle of the solvent alone in the pores. Therefore we will allow the single solute diameter or to be varied at will, (p 2 p 3 ) for a Ðxed value of p 1 .
III. Spherical cavity
The quasi-0d geometry of a spherical cavity of diameter D \ 2R has been considered at length by et al. (see Gonza lez also ref. 26) , for the case of a one-component Ñuid of absorbed hard spheres. Their GCMC simulations show that the FMT-DFT is very reliable under strong conÐnement conditions and that variants of the FMT functional20h22 all lead to very similar density proÐles.
We have extended these FMT-DFT calculations to the multi-component case, and in particular to the ternary mixture deÐned at the end of the previous section. A representative result for the three density proÐles is shown in Fig.  o a (r) 2. The absorbances of the three species are plotted as a f a function of the ratio of the cavity diameter over the solvent diameter in Fig. 3 . These absorbances are bounded above by the inequality (6), which for a spherical cavity, takes the form : Fig. 3 shows that the absorbance of the solvent varies smoothly for and increases monotonically to its asymptotic
The absorbances of the solutes exhibit D/p 1 [ 2. sharp peaks for just above 1 and 2, separated by deep D/p 1 minima. Fig. 3 also shows that around the absorbance maxima, the selectivity is large, and favours the larger over f 32 the smaller solute, which is somewhat counterintuitive. We shall return to this important Ðnding in the discussion of the dependence of selectivity on dimensionality in Section 6.
The absorbance of solute particles in the inÐnite dilution limit is easily calculated from eqn. (17), Fig. 4 , using a convenient "" colour ÏÏ code. Solute absorbance is seen to be particularly large when the pore diameter just exceeds the solute diameter, or a multiple of the solute diam- eter ; in such situations, the solute absorbance tends to increase with the ratio i.e. larger solutes are more p 2 /p 1 , strongly absorbed. In favourable circumstances, the absorption reaches colossal values, as high as 1016 or above ; this corresponds to packing situations where one solute sphere just Ðts into the cavity, expelling all solvent (cf. Fig. 5, left  panel) , or where one solute, surrounded by a shell of solvent spheres, Ðts into the cavity (Fig. 5, right panel) . It must of course be kept in mind that such favourable packings compete with packings involving only solvent spheres.
IV. Cylindrical pore
The 1d pore geometry of an inÐnite cylinder of diameter D \ 2R is particularly important, because it may be regarded as a very crude model of an ion channel, if end e †ects are neglected.16,27 InÐnite cylinders provide translational invariance along their axis, so that the density proÐles depend o a (r) only on the radial distance r from the axis. End e †ects in Ðnite cylinders will be brieÑy considered in Section 7.
In a Ðrst instance, we have tested the predictions of FMT-DFT for the density proÐles of the ternary HS mixture in a cylindrical pore against GCMC simulations, with diameters appropriate for a solution of Na`and K`ions in water. The comparison is made for a cylinder radius, R \ 0.5 nm, in Fig. 6 . Bearing in mind that the MC statistics are poor close to the cylinder axis, the agreement is seen to be quite good. For the smaller radius R \ 0.4 nm (not shown), the three species form single shells against the cylinder wall.16 When R is increased, an additional shell, conÐned near the cylinder axis, develops as clearly shown in Fig. 6 ; note that the FMT functional is capable of reproducing the slightly o † axis position of the broad central peak in the density proÐle of the smallest species (Na`).
The absorbances of the three species, calculated from f a eqn. (1) and (2), satisfy the inequality (6), which in the case of cylindrical pores provides the following upper bound :
The variation of the three absorption coefficients with cylinder radius is illustrated in Fig. 7 ; the overall behaviour is qualitatively similar to the results obtained for a spherical cavity (cf. Fig. 3 ). The K`ions are preferentially absorbed for cylinder diameters slightly smaller than the diameter of the solvent p 1 ("" water ÏÏ), i.e. when only Na`and K`ions can penetrate inside the pore. Due to the low concentrations, interactions between the ions may be neglected in the absence of solvent inside the pore ; in this ideal (non-interacting) limit the absorbances and coincide with the respective upper bounds in f 2 f 3 eqn. (19) .
The selectivity of the cylindrical channel, derived from f 23 the results in Fig. 7 , is plotted in Fig. 8 as a function of the cylinder diameter. As expected, for the selectivity D \ p 1 , agrees with the estimate valid for an ideal gas of ions in the 
The selectivity computed from the FMT density functional agrees with GCMC data carried out at 1 M to achieve better statistics. The absorbances calculated within DFT are practically independent of the reservoir concentrations, up to about 1 M, as illustrated in Fig. 9 . Beyond 1 M, the selectivity drops rapidly. This result is particularly relevant in that is shows the inÐnite dilution limit to be applicable over a wide range of concentrations of the solutes (in fact up to 1 M).
As in the case of a spherical cavity, we have examined the inÐnite dilution limit. Black-and-white coded absorbances are shown in Fig. 10 and 11 ). results shown in Fig. 10 and 11 illustrate the sensitivity of absorbance to solute and cylinder diameters. For a given cylinder diameter, giant selectivities are to be expected at high solvent density, particularly when one of the solutes has a diameter of the order of twice the solvent diameter.
V. Slit geometry
The simplest quasi-2d conÐnement is provided by an inÐnite volume bounded by two parallel planes separated by D. The density proÐles depend only on the normal distance o z o from mid-plane, and the boundary conditions are given by (10-b) . The absorbances of the three species of the ternary mixture deÐned at the end of Section 2 are plotted vs.
in Fig. 12 . D/p 1 These absorbances are bounded from above by the inequality (6) as adapted to the slit geometry, namely
The general behaviour of the calculated absorbances is similar to that obtained earlier for spherical cavities and cylindrical channels ( Fig. 3 and 7) . But there are signiÐcant quantitative di †erences. In particular, in the case of a slit, the absorbance of the majority species (solvent) tends very rapidly to its f 1 asymptotic value 1, as soon as the slit is wide enough to accommodate spheres of this size (i.e.
Black-and-D P p 1 ). white coded inÐnite dilution absorbances are shown in Fig. 13 as a function of and The observed absorbance D/p 1 p 2 /p 1 . pattern appears to be somewhat more regular than in the spherical and cylindrical cases, but even at the highest reservoir packing fraction considered here, the g 1 \ 0.41 absorbance peaks at about 102, well below the peak absorbances in the 0d and 1d geometries.
VI. Selectivity and dimensionality
Comparison of the absorbances plotted vs. pore size in Fig. 3,  7 and 12 shows that they follow qualitatively similar patterns in all three geometries investigated so far. The maps of Fig. 4,  10 
packing fractions. The maximum absorbances, observed for favourable size ratios and increase p 2 /p 1 D/p 1 , dramatically as the dimensionality of the pore decreases from 2d (slit) to 0d (cavity). The resulting amplitudes of the selectivity also depend strongly on dimensionality, as illusf 23 trated in Fig. 14 for the important case of Na and K ions in water. Note that the cusp in the selectivity observed for a cylindrical pore and a slit, when the pore diameter D equals the solvent diameter is absent in the case of a spherical p 1 , cavity. Also note that just before i.e. in the absence of D \ p 1 , solvent, the 2d slit geometry favours the larger K`ion signiÐ-cantly more than in the 1d cylindrical and 0d cavity geometries. On the other hand, when the pore diameter approaches twice the solvent diameter, all three geometries favour the smaller Na ion, but the selectivity is much stronger for the 0d cavity. As may be easily inferred from the maps in Fig. 3, 10 and 13, much more extreme selectivities may be expected for di †erent relative sizes of the solute species. p 2 /p 3
VII. More complex geometries
The three model geometries considered so far imply that the density proÐles are functions of a single variable, and hence require only a one-dimensional grid for numerical solution of the variational problem embodied in eqn. (7). The DFT formulation is, however, easily extended to more complex geometries, but the numerical implementation becomes accordingly more demanding. We have examined in some detail the pore geometry shown in Fig. 15 , which involves a central cavity, opening up into two coaxial cylinders of Ðnite (and identical) length ; to eliminate end e †ects, the pore structure shown in Fig. 15 is assumed to repeat periodically in the axial (z) direction. This pore has cylindrical symmetry, with a variable circular cross-section along the symmetry axis and, with the dimensions indicated in Fig. 15 , may be regarded as a highly schematized model of the KcsA ion channel, the structure of which has recently been resolved by X-ray di †raction. 28 The density proÐles z) of the various species are now functions of the o a (r, radial distance r from the symmetry axis, and of the coordinate z along the symmetry axis. Numerical implementation of DFT accordingly requires a two-dimensional grid. Density maps for the three species K, Na) are shown in Fig. 16 . (H 2 O, In the cylindrical segments far from the central cavity, the density proÐles tend to the proÐles of inÐnite cylinders, o a (r) described in Section 4. These proÐles are strongly a †ected by the change in geometry near the junctions of the cylindrical segments and the spherical cavity. The surfaces of constant density tend to widen and adapt to the spherical geometry inside the central cavity. The local density of each of the three species becomes very large as one moves towards the centre of the cavity ; this can be understood in simple geometrical terms, since the diameter of the spherical cavity is just over three D S Fig. 15 Geometry of cylindrical channel with central spherical cavity. Fig. 16 Black-and-white coded density maps in the zÈr o a (r, z)/n a plane for a ternary HS mixture in a channel with central cavity (cf. Fig. 15 times the diameter of the majority component, allowing a p 1 very efficient packing of the solvent spheres, with one solvent or solute sphere at the centre of the cavity.
According to eqn. (1) and (2), the absorbance of species a f a is deÐned by
where L is the total length of the pore, and R(z) is the radius of the cross-section of the conÐning wall at position z along the axis ; the centre of the spherical cavity is at z \ 0, r \ 0 ; if and denote the radii of the spherical and cylindrical R S R C segments :
It is instructive to consider local absorbances along the f a (z) axis, deÐned as the ratio of the mean density of species a o6 a (z) within the pore cross-section at z, over the bulk density in the reservoir, i.e.
The total absorbance then follows from :
where
is the total volume of the (periodically repeated) pore. An example of the variation of the local absorbances with z f a (z) is shown in Fig. 17 .
The e †ectiveness of the central cavity to enhance the absorbance of the various species relative to the absorbances in a purely cylindrical pore of the same length and diameter is illustrated in Table 1 .
The gains are seen to be modest under the conditions considered here (i.e. pore dimensions as shown in Fig. 15 ), but it is clear that di †erent relative sizes of the cavity, of the cylindrical segments and of the absorbed species may lead to stronger enhancements of the or, on the contrary, to reductions. f a , Edge e †ects may be examined along similar lines. We have explicitly considered the case of a cylindrical channel opening Fig. 15 , under reservoir conditions speciÐed in Fig. 16 . up into a reservoir, which may be regarded as a cylinder of inÐnite radius, so that overall cylindrical symmetry is preserved. The density proÐles may again be resolved on a cylindrical grid, and sufficiently far from the entrance into the cylindrical pore, the density proÐles z) will go over to the o a (r, bulk reservoir values Density maps for a one-component n a . HS Ñuid, of diameter equal to one-half the channel diamp 1 eter D, are shown in Fig. 18 . The axial layering of the hard spheres inside the cylindrical channel is seen to merge rather smoothly into the vertical layering of the spheres against the reservoir wall. We next consider the e †ect of these solvent edge proÐles on the absorbance of a solute, in the inÐnite dilution limit. We consider 3 solutes with diameters p 2 /p 1 \ 0.5, 1.4 and 1.9. The Ðnite ratio is given by eqn. (16) , and o 2 (r, z)/n 2 Fig. 19 shows maps of the so-called depletion potential :
The depletion potential is the e †ective, entropic interaction between the solute sphere and the channel or reservoir surface (r, potential is that shown in Fig. 18. induced by the solvent spheres. High and low values of w correspond of course to low and high probability of Ðnding the solute sphere in the corresponding position with respect to the conÐning surfaces.
VIII. Conclusions
The main conclusion of the present work is that the conÐne-ment of mixtures of hard spheres of di †erent sizes in pores of various geometries can lead to unexpectedly strong absorption of minority components (or solutes) for well-deÐned particle-to-pore size ratios, and hence to strong size selectivity of the pores. Not unexpectedly, it is found that selectivity increases as the dimensionality of the pores decreases, i.e. a spherical cavity is more size-selective than a cylindrical channel, which itself is more selective than a slit. In an inÐnite cylindrical pore, which may be regarded as a very crude representation of an ion channel, absorbances as large as 106 were found, in situations where the solute diameter is slightly smaller than the pore diameter, and slightly less than twice the solvent diameter. Such conditions are achieved in practice if the bare ion is replaced by an e †ective particle corresponding an ion surrounded by its hydration shell.
Our DFT calculations are based on Rosenfeld "" fundamental measure theory ÏÏ, with properly built-in dimensional cross-over,15 so that the theory is well adapted to the study of highly conÐned HS Ñuids. The predictions of FMT for density proÐles and absorbances were tested against GCMC simulations under a number of physical conditions and good agreement was found, lending further weight to the DFT results reported in this paper.
The large selectivities predicted in this paper are of purely entropic origin, since only excluded volume interactions were considered. Clearly, for a more realistic description of absorption into pores, long-range interactions between the pore surface and the absorbed particles, and between particles, including dispersion and Coulombic forces, must be included in the DFT formulation. The main challenge is a more realistic, but tractable description of water and of its dielectric behaviour in highly conÐned geometries like ion channels. The electrostatic interaction between ions, water molecules and the channel surface compete with the purely steric e †ects in determining ion selectivity. Work along these lines is in progress.
The present study also points towards a di †erent direction of investigation. In fact, the strong size selectivity of pores of various geometries suggests that conÐnement might induce phase separation in HS mixtures which are fully miscible in the bulk. Such conÐnement-induced segregation, reminiscent of capillary condensation of gases, could have far-reaching applications. This possibility is also being presently examined in more detail.
where is the number density of species a in the reservoir. n a Within the pore, the grand potential for an ideal gas of particles which are repelled only by the pore surface is :
where is the domain within the pore accessible to the Õ a centres of particles of diameter p a . The variational principle (7) leads then immediately to the desired result
i.e. the density of mutually non-interacting particles is constant within the accessible domain of the pore. Since these non-interacting particles are in chemical equilibrium with the interacting particles in the reservoir, the may be replaced k a by their reservoir values (A1). Within a cylindrical pore, this leads then to the result o a id(r \ Gn a expMbk a exN ; 0 ;
where R is the cylinder radius and s is the normal to its surface at the point where the direction of r intersects the cylinder. The actual density of interacting spheres is given by eqn. (14) , where is a negative function of r for hard sphere c a
particles (at least within the FMT-DFT). Comparison with eqn. (A4) leads to the intuitively reasonable conclusion that within the pore, is 
Appendix B
The Rosenfeld FMT20h22 is a weighted density approximation with an excess (non-ideal) Helmholtz free energy functional of the form :
The are a set of weighted densities, and / is the local Mn l (r)N free energy density divided by
The weighted densities are k B
T . deÐned as :
The FMT uses 4 scalar and 2 vectorial weighted densities, which may all be expressed in terms of the following two partial weighted densities : 
where d(x) and h(x) denote the Dirac and Heaviside functions, and is the diameter of spheres of species a. The expressions p a for all 6 weighted densities used in FMT are then : n 0 (r) \ ; a 1 pp a 2 n 2 (a)(r) n 1 (r) \ ; a 1 2pp a n 2 (a)(r) n 2 (r) \ ; a n 2 (a)(r) n 3 (r) \ ; a n 3 (a)(r) n v1 (r) \ [+ r ; a 1 2pp a n 3 (a)(r)
The version of the FMT functional used in this paper is the "" q \ 3 interpolated form ÏÏ,22 which contains the correct dimensional cross-over (which is important for conÐned Ñuids), and reduces to the PY compressibility free energy in the bulk.
